Regeneration (GTR). In the present work we used MCTs from different echinoderm models (sea 36 urchin, starfish and sea cucumber) to produce echinoderm-derived collagen membranes (EDCMs). 37
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Introduction
53
The marine ecosystem and its inhabitants have always been sources of food, biomaterials, 54 active compounds or simply ideas for human applications (e.g. medicine, cosmetics, biotechnology, 55 biofuels, etc.). Many examples of sustainable exploitation of "blue resources" have been reported so 56 far including: i) professional swimsuits inspired by shark skin, ii) algae and marine sponge 57 bioactive substances (Gupta and 
Glycosaminoglycan (GAG) visualization 171
A 10 µL drop of suspension of each type of collagen was added to FORMVAR-coated grids 172 which, after excess removal, were processed according to the following steps: filtered dH 2 O (30 sec 173 x3), 500 mM NaC1 (1 min), fixative solution (2.5% glutaraldehyde, 300 mM MgCl 2 , 25 mM 174 sodium acetate, pH 5.6; 1 min), 0.2% Cuprolinic Blue (1 min), fixative solution (30 sec x2), 1% 175 sodium tungstate (1 min) and filtered dH 2 O (30 sec x3). The grids were then observed and 176 photographed under a transmission electron microscope (TEM JEOL SX 100, Tokyo, Japan). 177 178
Production of echinoderm-derived collagen membrane (EDCM) 179
Membranes of the three echinoderm collagen types were prepared as previously described 180 for sea urchin membrane by Di Benedetto and co-workers (2014) to produce substrates for both 181 mechanical and in vitro tests (see paragraphs 2.5.2 and 2.6 respectively). Briefly, 500 µL of the 182 collagen suspensions were dried overnight in a silicon mould at +37 °C. The resulting collagen 183 sheets were weighted in order to calculate the original collagen concentrations. The remaining 184 suspensions were centrifuged for 10 min at 50x g to remove eventual precipitated debris and then 185 for 20 min at 2000x g (sea urchin), 1500x g (starfish) or 4000x g (sea cucumber). The pellet was re-186 suspended in 0.01% TritonX-100 for cell culture substrates or in autoclaved filtered dH 2 O for 187 membranes for mechanical tests to reach a 2 mg/mL final collagen concentration. 300 µL of the 188 former suspensions were placed in 24x multiwells dishes and 800 µL of the latter in rubber silicone 189 19, 21, 46 and 7 strips were tested for sea urchin, starfish, sea cucumber-derived and commercial 219 membranes respectively. Samples were immersed in L-15 Leibovitz cell culture medium throughout 220 the mechanical test. They were subjected to elongations of 0.1 mm every 10 seconds until complete 221 rupture. The force peaks generated at each elongation step were used to produce a stress-strain 222 curve from which the mechanical parameters (stiffness, tensile strength and tensile strain) were 223 calculated as follows: 224 ∆ stress (MPa) = ∆ F / CSA (Cross Section Area); 225 ∆ strain = ∆ l / l (sample starting length); 226 Stiffness (Young's Modulus; MPa) = ∆ stress / ∆ strain; 227
Tensile strength (MPa) = Maximum weight before rupture / CSA; 228
Tensile strain (%) = Extension / l (sample starting length) x 100. 229 230
In vitro tests 231
Primary human dermal fibroblasts (hSDFs) derived from human epithelial biopsy were 232 obtained as described in Coccè and co-workers (2016). Briefly, the cells were cultured in minumum 233 essential medium Eagle (EMEM) with Earles salts and NaHCO 3 (Sigma-Aldrich) supplemented 234 with 10% fetal calf serum (Euroclone), 2 mM glutamine (cod. ECB3004D, Euroclone), antibiotic 235 antimycotic solution 100 U/mL penicillin, 100 µg/mL streptomycin and 0.25 µg/mL amphotericin B 236 (Sigma-Aldrich). Cells were seeded in 24x multiwells on EDCMs as well as on reassembled 237 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 8 (fibrillar) bovine collagen membranes (BCMs), on bovine skin-derived soluble collagen (Sigma-238 Aldrich) and on plastic as controls, the last two being the commonly used controls for in in vitro 239 tests. 300 µL of bovine-skin derived soluble collagen (Sigma-Aldrich) was added to each well, left 240 for 15 min and subsequently removed and left air dried for at least 2 h before use. This same 
Results
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Echinoderm-derived collagen extraction 284
The extraction protocols optimized for the different echinoderm tissues (i.e. sea urchin 285 peristomial membrane, starfish aboral arm wall and sea cucumber body wall) allowed us to obtain 286 highly concentrated collagen fibril suspensions. No fibril aggregates, cell debris and calcium 287 carbonate residues were detected from both light and electron microscopy observations, thus they 288 were considered suitable for the production of two-dimensional membranes (Fig. 2) . Sea urchin-289 derived collagen was extracted from both animals collected in the wild and from commercial 290 activities (e.g. waste from restaurants) but since ultrastructural, mechanical and in vitro analyses 291
showed almost identical results (data not shown) they were pooled together. 292 293 Table 1 summarizes the mean fibril D-period for each type of collagen membrane. As shown 295 in Fig. 3 , in all three echinoderm collagen types GAGs were present regularly distributed along the 296 whole fibril, strictly according to the D-patterning. 297
Ultrastructural characterization of collagen fibrils and membranes 294
As for TEM analyses, also SEM observations confirmed the "cleanliness" of the 298 echinoderm-derived collagen suspensions since no debris and undissociated fibres were detected 299 (Fig. 2) . Data on fibril ultrastructural features and on membrane average mesh size and thickness 300 are reported in Table 1 . SEM analyses showed that in both EDCMs and BCMs, collagen fibrils were 301 randomly distributed on the well plastic surface, without a clearly organized pattern and creating a 302 highly dense collagen network (Fig. 2) . Differently, commercial membranes showed thick 303 fibril/fibre bundles interspersed in a loose thin fibril network and displayed a more oriented 304 distribution ( Fig. 2B and 2C ). on the contrary, showed higher tensile strain comparing to EDCMs. Sea urchin membrane stiffness 318 (see also Di Benedetto et al., 2014) was similar to that of both starfish and sea cucumber 319 membranes (P > 0.05; Dunn's Multiple Comparison Test), whereas sea cucumber membrane 320 stiffness was significantly higher than that of starfish membrane (P < 0.001; Dunn's Multiple 321
Comparison Test). Both sea urchin and sea cucumber membrane stiffness was significantly higher 322 than that of commercial membrane (P < 0.01 and P < 0.001 respectively; Dunn's Multiple 323
Comparison Test), whereas starfish membrane stiffness was statistically similar to commercial 324 membrane values (P > 0.05; Dunn's Multiple Comparison Test). Echinoderm membrane tensile 325 strength was statistically similar among each type of collagen (P > 0.05; Dunn's Multiple 326
Comparison Test) and significantly higher than that of commercial membrane (P < 0.01 sea urchin, 327 P < 0.001 starfish and sea cucumber; Dunn's Multiple Comparison Test). Commercial membrane 328 mean tensile strain ± SD (62.12% ± 14.43) was higher than that of EDCMs (sea urchin: 32.81% ±M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 11 5.77 (see also Di Benedetto et al., 2014); starfish: 49.48% ± 20.89; sea cucumber: 27.96% ± 9.89). 330 331
Cell counting 332
The Generalised Linear Model (GLM) was used to evaluate the effect of substrate type, 333 experimental round and their interaction on the number of seeded cells. Cell growth was 334 significantly affected by both factors (P < 0.001) but not by their interaction (P = 0.079). This 335 means that, during the same experimental round, changing the substrate, cells grew differently, and 336 that, with the same substrate, cell grew differently in different experimental rounds depending on 337 the specific condition of each experimental round. However, the statistical evaluation of the 338 interaction between substrate type and experimental round indicates the substrate performance 339
(from the most favorable to the least one in relation to the cell growth) did not significantly change 340 in the different experimental rounds. Data on cell counting are reported in Figure 7 and Table A  341 (Appendices). Cell number on sea urchin-derived collagen was significantly higher than that on the 342 other echinoderm-derived substrates (starfish P < 0.001 and sea cucumber P < 0.022) but was 343 comparable to the control (plastic, 100%) and was also statistically similar to soluble bovine-skin 344 collagen substrate (P > 0.05); however, hSDFs were less numerous than on BCMs, even if only in 345 one round. Cell percentage on starfish and sea cucumber-derived membranes was comparable (P > 346 0.05) but significantly lower than all the other substrate types (P < 0.05). Moreover, hSDFs were 347 seeded once also on aligned type I collagen fibrils (AlignCol®Matrix, Sigma-Aldrich) and the "flat" substrates, as plastic and soluble bovine collagen, where they showed a highly flattened "sun-355 like" morphology (Fig. 8) . 356
Considering cell-substrate interactions (Fig. 9) , fibroblasts seeded on both EDCMs and 357
BCMs similarly displayed a low number of short filopodial processes, which strongly localized 358 only at the main cell attachment points (usually two), whereas cells on "flat" substrates (plastic and 359 soluble bovine collagen) showed a higher number of numerous, long and thin filopodial processes, 360 widespread on the whole cell surface. 361
Immunofluorescence microscopy (IF) with phalloidin confirmed the different cell 362 morphology already observed by SEM analyses and enabled visualisation of cytoskeletalM A N U S C R I P T
A C C E P T E D
Fibroblasts seeded on fibrillar substrates (namely EDCMs and BCMs) showed less stress fibres and 365 less numerous focal adhesion plaques comparing to those on "flat" substrates. In the present work we optimized different extraction protocols to efficiently obtain clean, 383 relatively pure and highly concentrated native collagen fibril suspensions from three echinoderm 384
MCTs/species, which differ in the overall collagen fibril and fibre organization and in the skeletal 385 element presence (Fig. 1) . Starfish aboral arm wall and partly sea urchin peristomial membrane 386
show highly packed fibrils/fibres and conspicuous calcareous ossicles, whereas sea cucumber body 387 wall displays loosely packed and homogeneously widespread fibrils as well as small calcareous 388 spicules. This can partially explain why fibril extraction is easily obtained by mild non-denaturing 389 methods (such as PBS) for sea cucumber, whereas stronger treatments (disulphide bonds disruption) 390 are necessary for both sea urchin and starfish. Despite these differences, the fibrillar conformation 391 and integrity were maintained throughout the extraction protocols, an important feature for the 392 subsequent employment in scaffolding. Indeed, it is well-documented that the reassembling of 393 membranes are currently used for this kind of purposes (Fig 4) . However, their porosity is much 418 higher and their network is less homogeneous than those of EDCMs (Table 1; Fig. 2 ), thus 419 suggesting these latter are likely to display a more efficient barrier-effect. 420 EDCM limited thickness, combined with high mechanical resistance, can be further 421 advantages since this biomaterial simultaneously provides handleability during surgery, reduced 422 steric hindrance in the wound and post-surgery resistance to avoid dehiscence occurrence: the 423 higher the tensile strength and the resistance to uni-axial tension (Young's Modulus) the better the 424 biomaterial can support stresses before rupture. The mechanical resistance of commercial 425 membranes ( Fig. 5 and 6 ), which display a much higher thickness, or reported for bovine-derived Table A in Appendices for mean values ± SD for each round). Black square: first round; grey 820 diamond: second round; grey circle: third round; black triangle: fourth round; asterisk: fifth round. 821 
